Anaplastic thyroid carcinomas are deadly tumors that are highly invasive, particularly into the bones. Although oncogenic Ras can transform thyroid cells into a severely malignant phenotype, thyroid carcinomas do not usually harbor ras gene mutations. Therefore, it is not known whether chronically active Ras contributes to thyroid carcinoma cell proliferation, although galectin-3 (Gal-3), which is strongly expressed in thyroid carcinomas but not in benign tumors or normal glands, is known to act as a K-Ras chaperone that stabilizes and drives K-Ras.GTP nanoclustering and signal robustness. Here, we examined the possibility that thyroid carcinomas expressing high levels of Gal-3 exhibit chronically active K-Ras. Using cell lines representing three types of malignant thyroid tumors-papillary, follicular, and anaplastic-we investigated the possible correlation between Gal-3 expression and active Ras content, and then examined the therapeutic potential of the Ras inhibitor S-trans, trans-farnesylthiosalicylic acid (FTS; Salirasib) for thyroid carcinoma. Thyroid carcinoma cells strongly expressing Gal-3 showed high levels of K-Ras.GTP expression, and K-Ras.GTP transmitted strong signals to extracellular signal-regulated kinase. FTS disrupted interactions between Gal-3 and K.Ras, strongly reduced K-Ras.GTP and phospho-extracellular signal-regulated kinase expression, and enhanced the expression of the cell cycle inhibitor p21 as well as of the thyroid transcription factor 1, which is involved in thyroid cell differentiation. FTS also inhibited anaplastic thyroid carcinoma cell proliferation in vitro and tumor growth in nude mice. We conclude that wild-type K-Ras.GTP in association with Gal-3 contributes to thyroid carcinoma malignancy and that Ras inhibition might be a useful treatment strategy against these deadly tumors.
Introduction
More than 95% of thyroid carcinomas are derived from follicular cells, whereas a minority of thyroid tumors (3%) are medullary in origin (1) . Most of the carcinomas derived from follicular epithelial cells are indolent tumors that can be effectively managed by surgical resection with or without radioactive iodine ablation. However, a subset of these tumors can behave aggressively, and there is currently no effective form of treatment (2) .
Follicular thyroid carcinomas comprise a broad spectrum of tumors that range, on the basis of histologic and clinical parameters, from well-differentiated to undifferentiated types (3) . Well-differentiated types include papillary and follicular thyroid carcinomas for which the prognosis is generally good, in contrast to the undifferentiated anaplastic thyroid carcinomas, which are extremely aggressive and usually lethal (4) . Anaplastic thyroid carcinomas are characterized by high cellular proliferation rates, increased vascularization, and focal necrosis, which result in a neck mass that enlarges rapidly, invading adjacent tissues and metastasizing particularly into bones. No effective treatment is available and death usually occurs within 1 year of diagnosis (5) . Surgery, chemotherapy, and radiotherapy are the conventional therapeutic strategies used in an attempt to improve survival. In many patients, surgery is not feasible, with operability varying from 17% to 65% across reported series (6) . Due to the aggressive character of these tumors and their potential for systemic spread, many different chemotherapy regimens have been tried, including doxorubicin, which has shown at best a 22% partial response rate.
Characterization of thyroid carcinomas is based inter alia on molecular markers (7) . Several important markers for thyroid carcinomas have been described. One of these is galectin-3 (Gal-3), which acts extracellularly as a β-galactoside-binding protein (8) and intracellularly as a scaffold of the K-Ras protein (9) (10) (11) . Ras proteins act as binary switches alternating between guanosine diphosphatebound (inactive) and guanosine triphosphate-bound (active) states (12) . They activate a multitude of effectors including Raf, phosphatidylinositol-3-OH kinase (PI3-K), and Ralguanine nucleotide exchange factors), which together regulate cell proliferation, differentiation, survival, and death (13) .
Ras proteins also play a major role in human malignancies. Approximately 30% of all human tumors express oncogenic Ras proteins that are constitutively active and contribute to tumorigenesis, tumor maintenance, invasion, and progression (14) . The most prevalent oncogenic ras mutations are detected in the K-ras gene in pancreatic, colon, and lung cancers (15) . The frequency of ras gene mutations in thyroid cancer varies with the type of tumor, ranging from 21% to 60% (1) . Other factors that can contribute to Ras activation in thyroid tumors include hyperactive tyrosine kinase growth factor receptors (16) and the expression of Ras scaffold proteins that may lead to chronic activation of Ras (9, 17) . Among the most common aberrations in thyroid tumors are chimeras of the epidermal growth factor receptor, which are constitutively active and act upstream of Ras especially in papillary thyroid carcinoma (18) , and B-Raf mutations leading to constitutive activation of mitogen-activated protein/extracellular signal-regulated kinase (ERK) kinase (MEK) and ERK (19) .
Our group has previously shown that Gal-3 acts as a selective intracellular scaffold of K-Ras.GTP in the plasma membrane and enhances Ras signaling (9) . More recently, we found that Gal-3 acts as the driving force for K-Ras nanoclustering and signal robustness (11) . We showed that Gal-3 overexpression in cancer cells, which increases K-Ras signal output, represents an oncogenic subversion of K-Ras.GTP nanoclusters in the plasma membrane. An important finding was that relatively high expression levels of Gal-3 can be detected in thyroid carcinomas, whereas relatively low levels of Gal-3 are detected in benign tumors or normal glands (20, 21) . Accordingly, we postulated that overexpression of Gal-3 contributes to both an increase in K-Ras.GTP and Ras signaling in malignant thyroid carcinomas. If this is shown to be the case, Ras inhibitors might be considered as a potential targeted therapy for highly malignant thyroid carcinomas. Here, we examined this possibility using cell lines that represent three types of malignant tumors of the thyroid gland: papillary (NPA cell line), follicular (WRO and MRO cell lines), and anaplastic (ARO cell line). We first sought a possible correlation between expression levels of Gal-3 and active Ras. We then examined the potential use of the Ras inhibitor S-trans, transfarnesylthiosalicylic acid (FTS; Salirasib) as a therapeutic agent for the treatment of thyroid carcinoma. Our results indicated that cells that strongly express Gal-3 are significantly associated with high expression levels Ras.GTP and K-Ras.GTP, and are highly sensitive to FTS.
Materials and Methods

Cell lines and reagents
Four well-established and extensively studied human thyroid carcinoma cell lines, namely ARO 81-1 (anaplastic), MRO 87-1 and WRO 82-1 (follicular), and NPA (papillary), were kindly provided by Dr. G.J.F. Juillard (University of California at Los Angeles, Los Angeles, CA). The medullar thyroid carcinoma cell line TT was obtained from American Type Culture Collection. The presence of the thyroid-specific transcription factors TTF-1 and PAX-8 in these cell lines confirmed their thyroid origin. Benign human thyroid cells (N465, P473, and D499) were obtained at thyroid dichotomy from tissues of patients with benign colloid nodules (22, 23) . All cell lines were cultured (4 × 10 5 cells per 10-cm plate for 48 h in RPMI containing 10% FCS, 2 mmol/L L-glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin). The cells were incubated at 37°C in a humidified atmosphere with 5% CO 2 .
FTS was a gift from Concordia Pharmaceuticals. An enhanced chemiluminescence (ECL) kit was purchased from Amersham Pharmacia Biotech; Hoechst 33258 was purchased from Sigma-Aldrich; and U0126 and LY-294 were purchased from AG Scientific. Mouse anti-pan-Ras (Ab-3), mouse anti-N-Ras, and mouse anti-K-Ras antibodies (Ab) were obtained from Calbiochem; rabbit anti-p21, rabbit anti-TTF-1, and rabbit anti-β-tubulin Abs were from Santa Cruz Biotechnology; mouse anti-phospho-ERK Ab was from Sigma-Aldrich; rabbit anti-phospho-Akt (ser473) and rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (14C10) Abs were from Cell Signaling Technology. Peroxidase-conjugated goat anti-mouse IgG, peroxidase-conjugated goat antirat IgG, and peroxidase-conjugated goat anti-rabbit IgG were from Jackson ImmunoResearch Laboratories.
Protein bands were quantified by densitometry with the Image EZQuant-Gel software (EZQuant Ltd.).
Transfection assays
For transfection assays, 2 × 10 5 ARO cells per well and the same number of MRO cells per well were plated in six-well plates. On the following day, the cells were transfected with plasmid DNA coding for green fluorescent protein (GFP)-Ras(17N) (2 μg) or with a vector with control coding for GFP (2 μg), using a Lipofectamine 2000 transfection kit (Invitrogen).
Cell proliferation assay
ARO, MRO, and NPA cells were plated in 5% FCS media at a density of 1.5 × 10 4 cells per well in 96-well plates. On the following day, cells were treated with 50, 75, or 100 μmol/L FTS or the vehicle (0.1% DMSO). Proliferation was assessed by incorporation of bromodeoxyuridine (BrdUrd), using the BrdUrd cell proliferation assay kit (Calbiochem).
Cell viability
ARO, MRO, and NPA cells (all at 1.5 × 10 4 cells/well in 96-well plates) were treated for 24 hours with 50, 75, or 100 μmol/L FTS or the vehicle (0.1% DMSO). Cell viability was estimated by the alamarBlue assay (Serotec) according to the manufacturer's instructions.
Western immunoblotting
ARO, MRO, and NPA (0.4 × 10 6 cells/10-cm) were cultured in RPMI 1640 containing 5% FCS. Cells were treated with 75 μmol/L FTS or with the vehicle (0.1% DMSO) for 48 hours, then lysed and subjected, as previously described (17) , to SDS-PAGE and immunoblotting with one of the following Abs: 1:2,500 pan-Ras, 1:50 anti-K-Ras, 1:1,000 anti-β-tubulin, 1:1,000 anti-Gal-3, 1:10,000 anti-phospho-ERK, 1:2,000 anti-ERK, 1:750 antip21, and 1:500 anti-TTF-1. Immunoblots were then exposed to peroxidase-conjugated goat anti-mouse IgG, peroxidase-conjugated goat anti-rabbit IgG, or peroxidaseconjugated goat anti-rat IgG (all at 1:5,000), and protein bands were visualized using the ECL kit.
Ras-GTP assays
Lysates containing 1 mg protein were used for determination of Ras-GTP by the glutathione S-transferase-Ras binding domain of Raf pull-down assay, as previously described (17) , followed by Western immunoblotting with Ras isoform-specific Abs as described above.
Infections and short hairpin RNAs
Viruses were produced by transient triple-transfections of HEK 293 cells using 6 μg retroviral vectors (OpenBiosystems) encoding for specific short hairpin RNA (shRNA) against Gal-3 (V2HS_133963) in combination with 3 μg pMD2G and 3 μg pCGP encoding the retroviral envelope, and the Gag and Pol proteins, respectively. As a control, we used 6 μg of no-silencing shRNA (OpenBiosystems, RHS1707) or MSCV-PIG-encoding GFP. Viruses were collected 48 hours after transfection. Two milliliters of viral supernatant containing 8 μg/mL polybrene (H9268; Sigma) were used for infections using very low-density cultured cells as indicated. Infected cells were allowed to recover and used at least 72 hours after infections for Western blotting, Ras-GTP pull-down assay as described below.
MTT
MTT solution was added to a final concentration of 0.5 mg/mL for 2 hours at 37°C, followed by DMSO. The plates were read on a micro-ELISA reader at a test wavelength of 570 nm and a reference wavelength of 630 nm.
Confocal microscopy
ARO cells (2 × 10 5 cells) were plated on glass coverslips and treated for 48 hours with 75 μmol/L FTS or the vehicle (control; 0.1% DMSO). After 72 hours, the cells were fixed then permeabilized with 0.5% Triton X-100. Samples were blocked with 2% bovine serum albumin and 200 μg/mL goat γ globulin for 30 minutes. Cells were labeled with 1 μg/mL anti-TTF-1, rat anti-Gal-3, or anti-pan-Ras Abs for 1 hour, and then with 1:750 goat anti-rabbit fluorescein, goat anti-rat fluorescein, or donkey anti-mouse cy3 Abs (Jackson), respectively. Each incubation was followed by three extensive washes. Staining intensity was analyzed with a Meta Zeiss LSM 510 confocal microscope. TTF-1 in the nucleus of each cell was quantified by ImageJ software.
Animal experiments
Athymic nude mice (ages 6 wk) were housed in barrier facilities on a 12-hour light/dark cycle. Food and water were supplied ad libitum. On day 0, ARO cells (5 × 10 6 cells in 0.1 mL PBS) were implanted s.c. just above the right femoral joint as previously described (17) . After 7 days, by which time tumor volumes were 0.3 to 0.5 cm 3 , mice were separated randomly into two groups (10 mice per group). Mice in one group were treated daily with oral Salirasib (100 mg/kg FTS) and in the other group with the vehicle only, and their volumes were determined as previously described (17) . After 25 days, the mice were killed by cervical translocation and the tumors were weighed. Tumors were then homogenized.
Statistical analysis
Student's t test was used for statistical analysis. A value of P < 0.05 was considered significant.
Results
Gal-3 expression in thyroid carcinoma correlates positively with high expression levels of K-Ras.GTP Using the Ras binding domaine of Raf pull-down assay and pan-Ras Abs to determine expression levels of active Ras (Fig. 1A) , we found that ARO, MRO, and NPA-all thyroid carcinoma cell lines-expressed Ras.GTP at high levels relative to the TT cell line, a thyroid carcinoma derived from the medullary rather than from the follicular epithelium, making it suitable for use as a negative control. Because none of the cell lines under study bears a Ras mutation (24, 25) , the relatively high levels of Ras.GTP expression observed in these thyroid carcinomas are probably attributable to stimulation of Ras Lysates were subjected to quantification of active Ras.GTP and total Ras by SDS-PAGE, and this was followed by immunoblotting with pan-Ras Abs as described in Materials and Methods. β-Tubulin served as a loading control. Typical immunoblots visualized by ECL are shown. Immunoblots were quantified as described in Materials and Methods; right, results; columns, mean; bars, SEM (n = 3); *, P < 0.05. B, FTS (10 μmol/L) reduces K-Ras.GTP expression in thyroid carcinoma cell lines. Cells were grown as in A but at a much lower serum concentration (0.5%), treated for 24 h with FTS or vehicle (control), and then lysed. Lysates were subjected to quantification of active K-Ras.GTP and total K-Ras by SDS-PAGE and immunoblotting as described for A. β-Tubulin served as a loading control. Left, typical immunoblots visualized by ECL; right, K-Ras.GTP expression levels; columns, means; bars, SEM (n = 3). C, FTS (75 μmol/L) reduces phospho-ERK in ARO and MRO cells. Cells were treated as in A, lysed, and the lysates were subjected to SDS-PAGE followed by immunoblotting with anti-ERK and anti-phospho-ERK Abs. Left, typical immunoblots visualized by ECL; right, expression levels of phospho-ERK; columns, mean; bars, SEM (n = 3); *, P < 0.05. D, the MEK inhibitor UO126 but not the PI3-K inhibitor LY-294 inhibits cell growth of thyroid carcinoma. Cells of the ARO and the MRO were grown (8 × 10 3 cells) for 72 h in the presence of 5% serum as described in Materials and Methods. They were then treated with LY (20 μmol/L), UO126 (30 μmol/L), or 0.1% DMSO (vehicle control). Cell viability was then measured by MTT assay as described in Materials and Methods; columns, means; bars, SEM (n = 3); **, P < 0.01. exchange factors by growth factor receptors (16) , and possibly also in part to the action of Ras chaperones that stabilize the active Ras.GTP (9, 17) . To verify the latter possibility, we assayed Gal-3, which is known to play a role in thyroid malignancies (20, 21) and is a known chaperone of K-Ras.GTP (9, 11) . We found that whereas ARO, MRO, and NPA cells expressed relatively high levels of Gal-3, the expression of this protein by the TT cells was very low (Fig. 1A) . Importantly, H-Ras levels in all cell lines were so low that the levels detected with the available H-Ras-specific Ab were not significant. N-Ras expression and N-Ras.GTP could be detected, but there were no directional differences among the cell lines used (data not shown). Therefore, there is no evidence for any importance of Gal-3 expression on activation of H-Ras or N-Ras in thyroid carcinoma cells, consistent with our previous results that Gal-3 interacts only with K-Ras.GTP (9-11).
We then compared Gal-3 and active Ras expression levels in benign thyroid cells with those in malignant thyroid cells. In line with previous reports, all cell lines that were found here to express Gal-3 also expressed relatively high levels of K-Ras.GTP, whereas in the benign cells, K-Ras.GTP expression was very low, despite strong expression by these cells of the K-Ras protein itself (Fig. 1B) . It should be noted that because of differences in the expression of total-ERK protein between the benign and the malignant thyroid cells, phospho-ERK expression in these experiments might be variable. Nonetheless the low levels of phospho-ERK in WRO cells (Fig. 1B) in the presence of high levels of Ras-GTP and Gal-3 might be associated with additional factors controlling ERK phosphorylation/dephosphorylation.
All in all, these results are consistent with earlier reports (9, 11, 26) that Gal-3 expression promotes high K-Ras.GTP expression, as well as signaling that allows the cells to proliferate rapidly and to exhibit marked sensitivity to the Ras inhibitor FTS. -Ras levels were so low that levels detected with the available H-Rasspecific Ab were not significant. N-Ras expression and N-Ras.GTP could be detected, but there were no directional differences among the cell line. Thus, there was no difference among cell lines in the levels of N-Ras.GTP/ total N-Ras as we see in the case of K-Ras.GTP. Therefore, there is no evidence for any significance of Gal-3 on the activation of H-Ras or N-Ras, consistent with our previous results (9) (10) (11) .
Finally, we performed experiments to examine if the Gal-3 phenotype thyroid carcinoma can be rescued. We found that MRO cells expressing shRNA to Gal-3 exhibited much lower levels of Gal-3, K-Ras-GTP, and phospho-ERK compared with the control (GFP or nonsilencing shRNA; Fig. 1C) High levels of K-Ras.GTP in thyroid carcinoma cell lines correlates with inhibition of cell growth by FTS
We first examined the effects of the Ras inhibitor FTS on the growth of three types of thyroid carcinoma cells, namely the ARO (anaplastic), MRO (follicular), and NPA (papillary; refs. 24, 25) cell lines. Figure 2A shows typical photomicrographs of cells that were plated and cultured as described in Materials and Methods, and then grown for 72 hours with the addition of 75 μmol/L FTS or vehicle (control). Of all these cell lines, ARO cells exhibited the most markedly transformed phenotype and grew in clusters ( Fig. 2A) consistent with their high degree of malignancy. Treatment of each of the cell lines with FTS led to a reduction in their numbers and alterations in their morphology, as well as in the cell-to-cell contacts of ARO cells and of MRO cells (Fig. 2A) . The clearest effect was observed in ARO cells, which are highly sensitive to FTS treatment.
Use of the BrdUrd assay to examine the effects of the Ras inhibitor FTS on cell proliferation revealed a strong, dosedependent inhibition of BrdUrd incorporation into the DNA of all three cell lines (Fig. 2B, top) . The cell viability reagent alamarBlue indicated induction of death in all cell lines (Fig. 2B, bottom) . Both the BrdUrd and the cell viability assays disclosed an IC50 of <50 μmol/L for FTS (Fig. 2B) . These results are in line with early reports indicating that the higher the proliferation rate of a given tumor cell line with marked dependency on active Ras.GTP, the more sensitive the cells will be to inhibition of proliferation by FTS (27, 28) .
We then compared the effect of FTS on the growth of a well-established follicular thyroid carcinoma cell line WRO (29) to its effect on the proliferation of benign thyroid cells. The malignant cells exhibited much more sensitivity than the benign cells to FTS (Fig. 2C) .
FTS downregulates K-Ras.GTP and affects K-Ras signaling to ERK in the Gal-3-expressing ARO and MRO cells
On examining the effects of FTS on Ras.GTP in the various thyroid carcinoma cell lines, we found that FTS (75 μmol/L, applied for 48 h) reduced Ras.GTP expression levels while affecting total Ras only slightly (Fig. 3A) . A separate experiment showed that FTS also reduced the levels of K-Ras.GTP expression (Fig. 3B) . For this latter experiment, we used serum-starved cells so that the effect of FTS could be determined under basal conditions, i.e., free from any serum-related stimulatory effects. Notable are the relatively low FTS concentration used in these experiments (Fig. 3B ) because they are done at low serum. Under these conditions, the free concentration of FTS is high because serum binding of the drug is avoided.
As shown in Fig. 3B , even under conditions of serum starvation, K-Ras.GTP expression was relatively high in ARO, MRO, and NPA cell lines and was reduced by FTS.
To determine whether the decrease in K-Ras.GTP expression in the FTS-treated thyroid carcinoma cells was translated into a reduction in Ras signaling, we examined phospho-ERK and phospho-Akt expression levels as readouts of the two prominent Ras pathways, Raf/MEK/ERK and PI3-K/Akt, respectively. Because phospho-Akt was not detected in any of the cell lines even in the absence of drug treatment (data not shown), it could not be used as readout for Ras signaling. However, as described above (see Fig. 1 ), phospho-ERK was detectable in all cell lines, and treatment with FTS significantly reduced the amounts of phospho-ERK in ARO and MRO cells (Fig. 3C ). In addition, the MEK inhibitor UO126 but not the PI3-K inhibitor LY-294 inhibited cell growth of thyroid carcinoma ARO and MRO (Fig. 3D) . FTS, moreover, had no inhibitory effect on phospho-ERK in NPA cells (Fig. 3C) (24, 30, 31) . In NPA cells, whose high K-Ras.GTP was downregulated (like that in ARO and MRO cells) by FTS (Fig. 3B) , the lack of effect of FTS on phospho-ERK is probably attributable to the fact that these cells carry activating B-Raf mutations (V600E) in both alleles (32) . In NPA cells, therefore, an active Ras-independent Raf signal to ERK is relatively strong. This is not the case in ARO cells, which are heterozygous with respect to the activated mutant B-Raf and carry one wild-type B-Raf allele, or in MRO cells, which carry no B-Raf mutations (24, 32) . Thus, it can be expected that in ARO and MRO cell lines, the Rasdependent activation of wild-type B-Raf will be inhibited when their K-Ras.GTP is downregulated by FTS (Fig. 3) .
FTS upregulates the cell cycle inhibitor p21 and the thyroid transcription factor 1 in thyroid carcinoma cell lines
Earlier studies by our group using cancer cell lines with active Ras showed that the cell cycle inhibitor p21, which inhibits cyclin-dependent kinase 2, is negatively regulated, at least in part, by active Ras (33); accordingly, FTS was found to increase the levels of p21 expression in several cancer cell lines (34) . On examining whether FTS affects p21 in the thyroid cell lines used in this study, we found that ARO, MRO, and NPA cells all exhibited an FTS-induced increase in p21 expression levels (Fig. 4A) , which was accompanied by a reduction in K-Ras.GTP expression and inhibition of cell growth in these cells (Figs. 2 and 3A) . Similar results were obtained with DN-Ras (Fig. 4B) . It thus seems that the increase in p21 expression induced by FTS is a major factor inhibiting cell proliferation in thyroid cells that express high levels of Gal-3.
Next, we examined whether FTS affects the expression of TTF-1, which in thyroid carcinomas is negatively regulated by the Raf/MEK/ERK pathway (35) . We found that TTF-1 was upregulated by FTS in ARO and MRO cells but not in NPA cells (Fig. 4A) , consistently with our finding that Ras-dependent ERK activation is more sensitive to FTS in ARO and MRO cells than in the NPA cell line (Fig. 3C) . Like FTS, dominant-negative (DN)-Ras downregulated phospho-ERK and upregulated both p21 and TTF-1 in ARO and MRO cells (Fig. 4B) .
The above findings thus suggested that Ras inhibition by FTS or by DN-Ras reverses, at least in part, the malignant phenotype of the most malignant cell line studied here (ARO) by arresting cell growth and increasing the differentiation transcription factor TTF-1, known to be a critical factor in differentiation of thyroid cells (36) . Microscopic examination of FTS-treated ARO cells indeed revealed a change in their morphology with the cells becoming more spread out and less clustered (Fig. 1A) . In addition, we observed a pronounced increase in nuclear TTF-1 in these cells after FTS treatment, as well as some increase, as yet unexplained, in paranuclear TTF-1 (Fig. 4C) . Like FTS, the MEK inhibitor UO126 induced a marked increase in the levels of p21 and TTF-1 expression in ARO and MRO cells (Fig. 4D) , suggesting that these increases are mediated through inhibition of the Ras/Raf/MEK/ERK pathway.
Taken together, the results described above suggested that interactions of Gal-3 with K-Ras.GTP in ARO and MRO cells result in a robust signal to the Raf/MEK/ ERK cascade, which negatively regulates p21 (28, 33) and TTF-1 (35, 37) , and hence that K-Ras.GTP-Gal-3 complexes induce cell growth and inhibit differentiation.
FTS disrupts K-Ras-Gal-3 colocalization in cell membranes of ARO cells
The observed FTS-induced reduction in Ras.GTP, which was much stronger than the FTS effect on total Ras (Fig. 3A and B) , is consistent with early reports that FTS interferes with the interactions between active Ras and the cell membrane (38, 39) . It does this mostly by disrupting the Gal-3-driven nanoclustering of K-Ras.GTP and the robust signal of the nanocluster to the Raf/ MEK/ERK cascade (9, 11, 26) . To verify that FTS indeed Figure 4 . FTS treatment increases the carcinoma cell inhibitor p21 and thyroid transcription factor 1 in thyroid carcinoma cells. A, FTS upregulates p21 and TTF-1 expression levels in thyroid carcinoma cell lines. ARO, MRO, and NPA cells were plated and treated with 75 μmol/L FTS as described in Fig. 3A . The cells were then lysed and subjected to SDS-PAGE followed by immunoblotting with anti-p21 and anti-TTF-1 or anti-β-tubulin (control) Abs. Left, typical immunoblots visualized by ECL; right, record expression levels of p21 and TTF-1; columns, means; bars, SEM (n = 3); *, P < 0.05. Expression levels of p21 in the FTS-treated ARO, MRO, and NPA cells were significantly higher than in the corresponding controls (*, P < 0.05), as were TTF-1 expression levels in the FTS-treated ARO and MRO cells (*, P ≤ 0.05). No such differences in TTF-1 expression levels were observed in the NPA cells. B, DN-Ras decreases phospho-ERK and increases TTF-1 expression in thyroid carcinoma cells. Cells were transfected with vectors expressing DN-GFP-Ras(17N) or GFP (control) as described in Materials and Methods. Cells were lysed 48 h after transfection, and the lysates were subjected to SDS-PAGE followed by immunoblotting with anti-TTF-1, anti-p21, anti-phospho-ERK, anti-ERK, and anti-β-tubulin Abs. Left, typical immunoblots from one of three experiments visualized by ECL. Right, expression levels of GFP [control and DN-GFP-Ras(17N); *, P < 0.05]. C, confocal fluorescence images of FTS-treated and FTS-nontreated (control) ARO cells. Cells were plated on glass coverslips and treated with FTS or vehicle (control) as described in Materials and Methods. They were then labeled with Hoechst stain and rabbit anti-TTF-1 Ab, and then with fluorescein-labeled goat anti-rabbit Ab, and imaged as described in Materials and Methods. Typical images, including dual-fluorescence merged images (green, TTF-1; blue, Hoechst-stained nuclei) are shown. Similar results were obtained in three independent experiments. Right, the relative extent of fluorescine fluorescence recorded in the expreriment [FTS treated/control; columns, mean; bars, SEM (n = 25 cells); **, P < 0.01]. D, the MEK inhibitor UO126 increases p21 and TTF-1 expression levels in ARO and MRO cells. Cells (2 × 10 5 cells per 6-cm plate) were grown for 24 h in RPMI containing 5% FCS with or without UO126 (10 μmol/L). Cells were lysed, and the lysates were subjected to SDS-PAGE followed by immunoblotting with anti-TTF-1, anti-p21, anti-phospho-ERK, anti-ERK, and anti-β-tubulin Abs as described in Materials and Methods. Left, typical immunoblots from one of three experiments. Immunoblots were quantified as described in Materials and Methods; right, results; columns, mean; bars, SEM (n = 3); *, P < 0.05).
disrupts the interaction between K-Ras and Gal-3 in the cell membrane, we used ARO cells, the most malignant of the cell lines in our series, and stained them, before and after FTS treatment, with both mouse anti-pan Ras Ab and rat anti-Gal-3 Ab. The cells were then stained with cy3-labeled anti-mouse Ab (Ras labeling, red in Fig. 5A ) and with fluorescein-labeled anti-rat Ab (Gal-3 labeling, green in Fig. 5A ). Typical confocal fluorescence images from these experiments showed that Ras was localized mainly to the cell membranes of the control cells (Fig. 5A, ii) , and that after FTS treatment, a major fraction of Ras was mislocalized on the cytoplasm (Fig. 5A, v) . It is important to note that Gal-3 in these ARO cells was found to be localized before being treated with FTS, both on the cytoplasm and on the cell membrane (Fig. 5A, i) , whereas after FTS treatment most of the Gal-3 was cytoplasmic (Fig. 5A, iv) . The pronounced effect of FTS on interactions between endogenous Ras and Gal-3 proteins is clearly shown in the observed disruption of Gal-3 and Ras colocalization on the plasma membrane of the drug-treated cells (Fig. 5A , iii and vi). Quantitative analysis of the results is shown in Fig. 5B . Importantly, these results show disruption of the interaction between Ras and Gal-3 in cancer cells without any exogenous expression of the two binding partners. Because we know from earlier reports that of all Ras isoforms only K-Ras.GTP interacts with Gal-3, and in view of our demonstration that expression of K-Ras.GTP levels in ARO cells is high (Fig. 1) , we conclude that FTS disrupted the interaction between K-Ras.GTP and Gal-3 in the cellular plasma membranes. Our results also support the notion that FTS dislodges Ras from the plasma membrane and that the cytosolic Ras then degrades. First, we see a clear FTS-induced redistributing of K-Ras from its typical plasma membrane localization to the cytososl (Fig. 5) . Second, determination of the levels of total K-Ras in the cells showed that FTS caused a reduction in the levels of the protein (Fig. 3B) . These results suggest that Ras, which was dislodged from the cell membrane by FTS (Fig. 5) , was then degraded.
FTS inhibits ARO cell tumor growth in a nude mouse model
To determine whether FTS can inhibit the growth of thyroid carcinomas in vivo, we again used ARO, the highly malignant anaplastic carcinoma cell line. This type of tumor is currently incurable. After cancer cell implantation and treatment with FTS or vehicle as described in Materials and Methods, the mice were killed for tumor weight measurement and pharmacodynamic analysis. Figure 6 presents typical results of one experiment of three that yielded similar results. Each lane represents blots obtained from one mouse (controls 1-4; FTS-treated 1-4). As shown, FTS treatment caused a significant reduction in the rate of tumor growth (Fig. 6A) . Tumor weight at the end point was also significantly lower in the FTS-treated group than in the control (Fig. 6B) . Figure 6C presents the results of the pharmacodynamic analysis. FTS treatment caused significant reductions in Ras.GTP, Gal-3, and phospho-ERK ( Fig. 6C, i; for quantification see Fig. 6C , ii) and upregulation of TTF-1 and p21 ( Fig. 6C, iii; for quantification see Fig. 6C, iv) . Taken together, these results showed that FTS hits its target in the tumors in vivo and inhibits the growth of this anaplastic thyroid tumor.
Discussion
The results of this study showed that the Ras inhibitor FTS (Salirasib) inhibits the growth of thyroid carcinoma cells in vitro (Fig. 2) and the growth of thyroid tumors in Figure 5 . FTS disrupts K-Ras-Gal-3 colocalization in the cell membranes of ARO cells. ARO cells were treated with FTS or vehicle and prepared for confocal microscopy as described in Materials and Methods. Labeling with mouse anti-pan Ras Ab was followed by labeling with cy3-labeled donkey anti-mouse and rat anti-Gal-3 Abs, and then with fluorescein-labeled goat anti-rat Ab as described in Materials and Methods. A, typical dual fluorescence images (green, Gal-3; red, Ras; scale bars, 10 μm). Ras and Gal-3 are colocalized in the cell membranes of control cells. FTS treatment caused mislocalization of Ras and reduced Gal-3 in the plasma membrane. B, statistical analysis of the results. Data are presented as the numbers of cells with Ras in the plasma membrane relative to the total cell numbers and the numbers of cells with Gal-3 in the plasma membrane relative to the total cell numbers; columns, mean; bars, SEM (n = 45 cells); *, P < 0.05. a nude mouse model (Fig. 6) . Consistently with the known anti-Ras activity of FTS, we showed here that FTS significantly reduced the expression levels of K-Ras.GTP and its downstream target phospho-ERK in thyroid cancer cells (Fig. 3) . These findings are in accord with the mode of action of FTS, as reported in many tumor cell lines that harbor activated Ras (40, 41) . Moreover, in agreement with reports that FTS can inhibit the growth of tumor cells that do not harbor ras gene mutations (42, 43) , we found here that FTS inhibits the growth of ARO, MRO, WRO, and NPA thyroid carcinoma cell lines (Fig. 2) , none of which harbors mutated Ras. The lack of correlation between ras gene mutations and the growth-inhibitory effects of FTS might be explained by the presence of other factors, such as hyperactive growth factor receptors that activate Ras (16, 44, 45) , or the expression of Ras scaffold proteins that might lead to chronic activation of Ras (9, 17) .
Here, we examined the possibility that overexpression in thyroid cancer cells of Gal-3, a selective intracellular scaffold protein of K-Ras.GTP (9, 11, 26) , enhances Ras signaling and, as a consequence, may contribute to chronic activation of K-Ras. The thyroid cancer cell lines ARO, MRO, and NPA, all of which strongly express Figure 6 . FTS inhibits ARO thyroid cell tumor growth in a nude mouse model. Nude mice were injected s.c. in the flank with ARO cells and treated with FTS or vehicle (control) as described in Results. Tumor volumes and weights were determined as described in Materials and Methods. A, ARO cell tumor volume in FTS-treated and control mice as a function of time; points, mean; bars, SEM; *, P < 0.05. B, ARO cell tumor weight on day 25 of treatment in FTS-treated and control mice; columns, mean; bas, SEM; **, P < 0.01. C, levels of phospho-ERK, ERK, Ras.GTP, total Ras, Gal-3, and β-tubulin in one experiment (top) and levels of TTF-1, p21, and β-tubulin in a second experiment (bottom) were determined in the tumor homogenates. Each lane represents blots obtained from one mouse (controls 1-4 and FTS treated 1-4). Left, imunoblots. Right, densitometric analysis of the results; Gal-3, Ras, Ras-GTP phospho-ERK, TTF1, and p21 expression, normalized by β-tubulin expression, in FTS-treated and control mice; columns, mean; bars, SEM (n = 4); *, P < 0.05.
Gal-3, indeed exhibited high levels of K-Ras.GTP expression when compared with TT thyroid cancer cells, in which Gal-3 expression is very low (Fig. 1) . These results support our previously reported finding in a breast cancer cell line that overexpression of Gal-3 represents oncogenic subversion of K-Ras.GTP nanoclustering in the plasma membrane, thereby increasing K-Ras signal output (11, 26) . In the present study, oncogenic subversion was detected in thyroid cancer cells with no exogenous expression of Ras, Gal-3, or any other oncogene or tumor suppressor. This is of particular interest because thyroid tumors that strongly express Gal-3 are extremely invasive, and their prognosis is poor (20, 21) . We show here that FTS, which disrupts the interaction between K-Ras.GTP and Gal-3, induces mislocalization of both proteins from the cell membrane to the cytoplasm (Fig. 5) , thereby explaining the drug-induced reduction in K-Ras.GTP. It is interesting to note that the reduction in K-Ras.GTP in ARO and in MRO was accompanied by reduction in signaling to ERK, but not to Akt, in agreement with previous reports that ERK is important and Akt less important for thyroid carcinoma growth (24, 30, 31) . We also showed here that, as in many other cell lines with active Ras pathways (33, 34) , FTS causes an increase in expression of the cell cycle inhibitor p21 (Fig. 4) , and that this increase contributes to the attenuation of thyroid carcinoma cell proliferation in the presence of FTS.
Another important finding of this study was the pronounced stimulatory effect of FTS on the specific factor TTF-1, a major player in thyroid cell differentiation (7, (35) (36) (37) . This factor is negatively regulated by the Ras/ Raf/MEK/ERK cascade (35, 37) , and indeed, its expression is almost completely lost in thyroid anaplastic carcinomas (46) . Consistent with those reports, we found here that inhibition of the active K-Ras.GTP-Gal-3 complex by FTS was accompanied by the downregulation of phospho-ERK and upregulation of TTF-1 expression (Fig. 4) .
Moreover, TTF-1 was translocated to the nucleus, as would indeed be expected of a differentiation transcription factor.
Interestingly, recent studies have shown that oncogenic Ras is highly tumorigenic in thyroid cells and acts as a potent transformation factor in thyroid follicular cells (35, 37) . Thus, oncogenic Ras causes growth factorindependent thyroid cell proliferation, morphologic transformation and anchorage-independent growth in thyroid cells, and thyroid tumor formation in nude mice (47) (48) (49) . Moreover, in Ras-transformed thyroid cells, the expression of thyroid-specific genes is suppressed (47) (48) (49) (50) . Taken together, those findings strongly support the notion that Ras inhibition might be an effective treatment for thyroid carcinoma, particularly of Gal-3-overexpressing aggressive types. Our present results in a nude mouse model showed the feasibility of this suggestion because oral FTS reduced the expression levels of both active Ras.GTP and phospho-ERK in ARO tumors and significantly reduced tumor size. FTS (Salirasib), a nontoxic drug with minimal adverse side effects (43) , may therefore be considered as a potential drug for thyroid cancer treatment.
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